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Abstract. X-ray crystallography reveals the common feature of the title 
compounds is a 1,4-naphthoquinone ring system with a substituted phe-
noxy residue adjacent to an oxo-group to give 1 (H), 2 (3-Br), 3 (3-CF3), 4 
(4-CN) and 5 (4-NO2).  To a first approximation the fused ring system 
along with the two oxo substituents is planar with the major difference be-
tween the molecules relating to the relative orientations of the pendant phe-
noxy residues: dihedral angles range from 56.56(4)° (3) to 87.52(10)° (2).  
The presence of intermolecular C‒H…O interactions is the common feature 
of the supramolecular association in the crystals of 1-5.  In each of 1 and 5, 
these extend in three-dimensions but, only to supramolecular dimers in 4, 
chains in 2 and layers in 3.  Each crystal also features C=O…π interactions, 
pointing to the importance of these points of contact in this series di-oxo-
compounds.  In 2, these, along with C‒Br…π interactions lead to a three-
dimensional architecture.  For 3, the C=O…π and π…π interactions occur 
within the layers which stack without directional interactions between 
them.  In 4, C‒H…O and C=O…π interactions combine to give a supramo-
lecular layer, which also stack without directional interactions in the inter-
layer region.  Further analysis of the molecular packing was conducted by 
a Hirshfeld surface analysis (HSA).  This points to the significant role of 
H…H, C…H/H…C and O…H/H…O contacts in the packing of 1.  Notably 
different roles for these contacts are found in the other crystals correlating 
with the participation of the respective substituents in the molecular pack-
ing. The HSA suggests the association between layers in 3 (weak F…F and 
H…F interactions) and 4 (weak H…N interactions) is contributed by the 
phenoxy-substituents. 
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Introduction 

Quinones, both naturally occurring and synthetic derivatives, continue to 
be intensely investigated due to their bright colours, their biological prop-
erties [1,2] and, as a consequence of their redox properties, their potential 
in materials chemistry [3-10].  Specifically, the structural skeleton of 2-
(phenoxy)-1,4-naphthoquinone derivatives is found in a number of natural 
products that include Rubincolins [11], Newbouldiaquinones [12-14], Ru-
bipodanones [15] and Lawsonol [16]; see Figure 1 for chemical structural 
formulae.  The documented anti-trypanosomal [17-24] and anti-leishma-
nial activity [18] as well as the anti-tumour [15,23,25-29] and anti-fungal 
activity [30-32] of natural and synthetic derivatives of 2-(phenoxy)-1,4-
naphthoquinones further highlights the significant chemical interest in this 
skeletal motif. 
 
 
Fig. 1: Chemical structural formulae of natural products having a similar skeleton 
to that of 2-phenoxy-1,4-naphthoquinone skeleton. 

 
As part of on-going studies [33-38] into the synthesis, structural char-

acterisation and photochemistry of quinones, a series of new 2-(phenoxy)-
1,4-naphthoquinone derivatives were prepared.  The present study details 
the synthesis, characterisation and crystal structure determinations of 1-5; 
see Figure 2 for chemical structural formulae. 

 

Fig. 2: Chemical structural formulae of the substituted (phenoxy)-1,4-naphthoqui-
nones 1-5 studied herein. 
 

Beyond the chemical interest in the title compounds as outlined above, 
are crystal engineering considerations in that it is of interest to systemati-
cally evaluate the influence of small chemical changes in molecules upon 
the molecular packing in their crystals.  The primary objective of crystal 
engineering endeavours is to control the manner by which molecules as-
semble in the condensed phase so that physiochemical properties can be 
tailored – by and large this objective has yet to be achieved even though 
considerable progress is being made in assembling specific aggregates 
within crystals [39].  For example, a very recent contribution in this area 
showed how six-molecular hetero-aggregates could be rationally assem-
bled based on propensities to form non-covalent interactions and shape 
similarities [40].  There are increasing numbers of systematic studies 
whereby the molecular packing of series of molecules varying typically by 
one substituent, e.g. halide for halide, increasing sizes of alkyl groups, etc. 
[41-53] are evaluated.  Usually some systematic trends can be discerned 
suggesting remote substituents are non-innocent, providing specific points 
of contact between molecules but, not always.  For example, when studying 
molecular packing in a series of benzenesulfonyl asparagine derivatives, 
Harrison et al. concluded that the nature of the substituent did not matter 
[46].  On the other hand, in a systematic study of monosubstituted salicylic 
acids, Montis and Hursthouse concluded the substituents were very im-
portant in dictating supramolecular assembly [43].  In continuation of sys-
tematic studies whereby small chemical changes are introduced into series 
of molecules [41,44,45], the crystal and molecular structures of 1-5 are de-
scribed along with an analysis of the calculated Hirshfeld surfaces.  From 
the chemistry, Figure 2, the molecular packing will be devoid of conven-
tional hydrogen bonding interactions.  Under these circumstances, it was 
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thought of interest to ascertain whether any dominant supramolecular 
synthon would emerge in the crystals of this series closely related mole-
cules.  In the same way, do the remote substituents exert any significant 
influence upon the molecular packing. 

Experimental 

Instrumentation 

Melting points were determined with a Mel. Temp. II apparatus and are 
uncorrected.  IR spectra were measured on a Nicolet 505 Magma FT-IR 
spectrophotometer.  1H and 13C{1H} spectra were recorded using Bruker 
200, 300 or 500 MHz spectrometers.  High resolution mass spectra 
(HRMS) were recorded on a micro-TOF-II Bruker instrument. 

Synthesis and crystal growth 

The commercially available reagents and solvents were used without 
further purification.  Analytical thin layer chromatography (TLC) was 
performed on pre-coated silica gel 60 F254 aluminum plates (Merck) with 
visualisation under UV light at 254 and 366 nm.  The reactions were 
performed following a literature procedure [54].  In a typical procedure, 
phenol (2.2 mmol) and K2CO3 (3.0 mmol) were combined in DMF (3 ml) 
in a round bottomed flask (10 ml).  The mixture was stirred at room 
temperature for 15 mins then 2-bromo-1,4-naphthoquinone (2.0 mmol) was 
added.  The reaction was followed by TLC (hexane:EtOAc, 3:1 v/v) and 
reactions were observed to be complete within 1 h.  The reaction was 
hydrolysed by the addition of aqueous KHSO4 (1 mol.L-1, 10 ml) and the 
mixture extracted with EtOAc (3 x 20 ml).  The organic phase was back 
washed with water (30 ml) and then dried over Na2SO4, filtered and 
concentrated under reduced pressure to give a yellow solid.  The products 
were recrystallised from EtOH/H2O unless otherwise indicated. 

2-Phenoxy-1,4-naphthoquinone (1) 

Yellow crystals (0.498 g, 99%). m.p. 377–378 K (lit. [54] 374 K).  IR (KBr, 
cm–1): 3071, 1686, 1658, 1652, 1615, 1594, 1587, 1484, 1213, 979.  1H 
NMR (500 MHz, CDCl3): δ 8.21–8.15 (m, 1H), 8.08–8.03 (m, 1H), 7.77–
7.71 (m, 2H), 7.45 (t, J = 8.0 Hz, 2H), 7.30 (t, J = 7.5 Hz, 1H), 7.13 (d, J = 
7.7 Hz, 2H), 5.94 (s, 1H).  13C NMR (126 MHz, CDCl3): δ 185.0 (Cq), 180.0 
(Cq), 160.6 (Cq), 152.7 (Cq), 134.5 (CH), 133.6 (CH), 132.0 (Cq), 131.1 
(Cq), 130.5 (CH), 126.9 (CH), 126.7 (CH), 126.3 (CH), 121.2 (CH), 113.4 
(CH).  HR-MS (ESI): m/z calcd. for C16H10O3 [M+H]+ 251.0702, found 
251.0701. 

2-(3-Bromophenoxy)-1,4-naphthoquinone (2) 

Yellow crystals (0.524 g, 80%). m.p. 381–383 K.  IR (KBr, cm–1): 3087, 
1686, 1650, 1616, 1578, 1465, 1335, 1265, 1215, 984, 779.  1H NMR (500 
MHz, CDCl3): δ 8.18–8.16 (m, 1H), 8.06–8.04 (m, 1H), 7.78–7.73 (m, 2H), 
7.45 (d, J = 8.0 Hz, 1H), 6.33 (t, J = 8.2 Hz, 1H), 7.32 (s, 1H), 7.10 (dd, J 
= 8.1, 1.9 Hz, 1H), 5.98 (s, 1H).  13C-NMR (126 MHz, CDCl3): δ 184.8 
(Cq), 179.6 (Cq), 160.0 (Cq), 153.4 (Cq), 134.7 (CH), 133.8 (CH), 132.0 
(Cq), 131.6 (CH), 131.1 (Cq), 129.9 (CH), 126.9 (CH), 126.4 (CH), 124.6 
(CH), 123.4 (Cq), 120.0 (CH), 114.0 (CH).  HR-MS (ESI): m/z calcd. for 
C16H9BrO3 [M+Na]+ 350.9627, found 350.9629. 

2-(3-(Trifluoromethyl)phenoxy)-1,4-naphthoquinone (3) 

Quantities: 3-trifluoromethylphenol (0.525 g, 3.24 mmol), K2CO3 (0.634 
g, 4.59 mmol) in DMF (3 ml) with 2-bromo-1,4-naphthoquinone (0.725 g, 
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3.06 mmol).  Yellow crystals after recrystallisation in EtOH (0.836 g, 86%). 
m.p. 368–370 K.  IR (KBr, cm-1): 3070, 1687, 1652, 1613, 1595, 1323, 
1264, 1217, 1173, 1122, 983.  1H NMR (500 MHz, CDCl3): δ 8.20–8.18 
(m, 1H), 8.07–8.06 (m, 1H), 7.80–7.75 (m, 2H), 7.63–7.58 (m, 2H), 7.43 
(s, 1H), 7.36– 7.34 (m, 1H), 5.96 (s, 1H).  13C NMR (126 MHz, CDCl3): δ 
184.7 (Cq), 179.6 (Cq), 159.9 (Cq), 153.1 (Cq), 134.7 (CH), 133.8 (CH), 
133.2 (Cq, 2JC−F = 33.3 Hz), 132.0 (Cq), 31.3 (CH), 131.1 (Cq), 127.0 (CH), 
126.5 (CH), 124.7 (CH), 123.5 (CH, 3JC−F = 3.6 Hz), 123.3 (CF3, 1JC−F = 
273 Hz), 118.4 (CH, 3JC−F = 3.6 Hz), 114.2 (CH).  HR-MS (ESI): m/z calcd. 
for C17H9F3O3 [M+Na]+ 341.0396, found 341.0404. 

2-(4-Cyanophenoxy)-1,4-naphthoquinone (4) 

Quantities: 4-cyanophenol (0.750 g, 6.3 mmol), K2CO3 (1.244 g, 9.0 mmol) 
in DMF (6 ml) with 2-bromo-1,4-naphthoquinone (1.422 g, 6.0 mmol). 
Yellow crystals (1.440 g, 87%). m.p. 448–450 K.  IR (KBr, cm-1): 3099, 
3051, 2227, 1682, 1655, 1619, 1596, 1499, 1240, 1223, 982, 862, 718.  1H 
NMR (500 MHz, CDCl3): δ 8.14 (d, J = 6.7 Hz, 1H), 8.05 (d, J = 6.7 Hz, 
1H), 7.78–7.75 (m, 4H), 7.25 (d, J = 7.4 Hz, 2H), 6.07 (s, 1H).  13C NMR 
(126 MHz, CDCl3): δ 184.5 (Cq), 179.4 (Cq), 158.9 (Cq), 156.7 (Cq), 134.8 
(CH), 134.7 (CH), 134.7 (CH), 134.0 (CH), 131.9 (Cq), 131.0 (Cq), 127.0 
(CH), 126.5 (CH), 121.7 (CH), 121.7 (CH), 117.9 (Cq), 115.8 (CH), 110.4 
(Cq).  HR-MS (ESI): m/z calcd. for C17H9NO3 [M+Na]+ 298.0474, found 
298.0480. 

2-(4-Nitrophenoxy)-1,4-naphthoquinone (5) 

Quantities: 4-nitrophenol (0.918 g, 6.6 mmol), K2CO3 (1.244 g, 9 mmol) in 
DMF (5 ml) and 2-bromo-1,4-naphthoquinone (1.422 g, 6 mmol).  Yellow 
crystals from acetone/water (1.418 g, 80%). m.p. 461–463 K.  IR (KBr, cm-

1): 3355, 3113, 3080, 3052, 1689, 1647, 1618, 1591, 1577, 1515, 1490, 
1346, 1333, 1243, 1222, 981, 897.  1H NMR (500 MHz, CDCl3): δ 8.34 (d, 
J = 9.1 Hz, 2H), 8.17–8.15 (m, 1H), 8.08–8.06 (m, 1H), 7.81–7.75 (m, 2H), 
7.30 (d, J = 9.1 Hz, 2H), 6.16 (s, 1H).  13C NMR (126 MHz, CDCl3): δ 
184.5 (Cq), 179.3 (Cq), 158.7 (Cq), 158.3 (Cq), 145.6 (Cq), 134.9 (CH), 
134.1 (CH), 131.9 (Cq), 131.0 (Cq), 127.1 (CH), 126.6 (CH), 126.4 (CH), 
126.4 (CH), 121.2 (CH), 121.2 (CH), 116.4 (CH).  HR-MS (ESI): m/z 
calcd. for C16H9NO5 [M+Na]+ 318.0373, found 318.0372. 

 

Crystal structure determination 

Intensity data for 1-5 were measured at 100 K on a Rigaku Oxford Diffrac-
tion diffractometer (The Woodlands, Texas, USA) using graphite-mono-
chromatised MoKα radiation (λ = 0.71073 Å).  Data processing and ab-
sorption corrections were accomplished with CrysAlis PRO [55].  Unit cell 
data, X-ray data collection parameters and details of the structure refine-
ment are given in Table 1.  The structures were solved by Direct Methods 
using SHELXS [56] and full-matrix least-squares [57] refinement was on 
F2 (anisotropic displacement parameters and C-bound H atoms in their ide-
alised positions).  A weighting scheme of the form w = 1/[σ2(Fo

2) + (aP)2 
+ bP] where P = (Fo

2 + 2Fc
2)/3 was introduced in each case.  The absolute 

structure of 1 could not be determined but, that of 2 was determined based 
on differences in Friedel pairs included in the data set. 
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Tab: 1.  Crystallographic data and refinement details for 1-5.1 

 1 2 3 4 5 
Formula C16H10O3 C16H9BrO3 C17H9F3O3 C17H9NO3 C16H9NO5 
Formula weight 250.24 329.14 318.24 275.25 295.24 
Crystal colour, habit Colourless, prism Colourless, lath Yellow, needle Colourless, plate Colourless, prism 
Crystal size/mm 0.04 x 0.07 x 0.12 0.01 x 0.04 x 0.20 0.01 x 0.01 x 0.08 0.02 x 0.21 x 0.25 0.04 x 0.06 x 0.14 
Crystal system monoclinic orthorhombic monoclinic monoclinic monoclinic 
Space group Pn P212121 I2/a P21/c P21/n 
a/Å 11.8027(7) 5.3247(2) 23.1971(8) 13.5903(7) 14.1790(4) 
b/Å 5.7419(3) 15.6418(9) 6.9762(2) 16.6630(8) 5.3850(2) 
c/Å 18.2991(9) 15.6316(9) 17.3845(5) 5.7345(2) 17.3281(7) 
α/° 90 90 90 90 90 
β/° 107.522(5) 90 101.132(3) 94.063(5) 105.188(3) 
γ/° 90 90 90 90 90 
V/Å3 1182.59(11) 1301.92(12) 2760.36(15) 1295.34(10) 1276.85(8) 
Z/Z′ 4/2 4/1 8/1 4/1 4/1 
Dc/g cm-3 1.406 1.679 1.532 1.411 1.536 
F(000) 520 656 1296 568 608 
µ(MoKα)/mm-1 0.097 3.161 0.131 0.098 0.116 
Measured data 10195 11420 27804 11337 10550 
θ range/° 2.3-27.5 2.6-27.5 2.4-27.5 2.9-27.5 2.2-27.5 
Unique data 4618 2924 3161 2955 2923 
Rint 0.068 0.034 0.058 0.024 0.039 
Observed data  
(I ≥ 2.0σ(I)) 

3763 2672 2383 2507 2430 

R, obs. data; all data 0.058; 0.075 0.033; 0.039 0.041; 0.061 0.039; 0.049 0.042; 0.053 
a, b in wghting scheme 0.092; 0 0.035; 1.126 0.058; 1.476 0.047; 0.472 0.065; 0.329 
Rw, obs. data; all data 0.138, 0.147 0.071; 0.073 0.100; 0.109 0.094; 0.099 0.109; 0.116 
∆ρmax, min/e Å–3 0.25, -0.38 0.55, -0.32 0.28; -0.27 0.27; -0.21 0.38; -0.23 

1 Supplementary Material: Crystallographic data for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC-1847534-
1847538. Copies of available material can be obtained free of charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44-(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.uk). 

 

mailto:deposit@ccdc.cam.ac.uk
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In the refinement of 2, owing to poor agreement, the (0 1 1) reflection 
was omitted from the final cycles of refinement.  Disorder was resolved in 
the refinement of 3 in that the F atoms of the CF3 group were disordered 
over two positions.  After unconstrained anisotropic refinement, the major 
component had a site occupancy factor = 0.52(3) so that in the final cycles 
of refinement, the site occupancy for each component was fixed at 0.5.  The 
programs WinGX [58], PLATON [59], ORTEP-3 for Windows [58], 
DIAMOND [60] and QMol [61] were also used in the study. 

Results and discussion 

Experimental molecular structures 

The molecular structures of 1-5 are shown in Figure 3 and key conforma-
tional descriptors included in Table 2.  The asymmetric unit of 1 comprises 
two independent molecules which exhibit essentially the same molecular 
structure.  The first independent molecule is constructed about a cyclohexa-
2,5-diene-1,4-dione residue that is essentially planar with the r.m.s. devia-
tion of the C6 atoms being 0.0126 Å; maximum deviations of 0.016(3) and 
0.021(3) Å are noted for the C3 and C4 atoms, respectively.  The O1-O3 
atoms lie to one side of the plane and deviate by 0.022(5), 0.026(5) and 
0.071(5) Å, respectively.  A phenyl ring is fused to one side of the cyclo-
hexa-2,5-diene ring, at the double bond, and is essentially co-planar, form-
ing a dihedral angle of 1.98(2)°.  To the resultant naphthalene-1,4-dione 
residue is connected a phenoxy substituent which is adjacent to the ketone-
O1 atom.  The pendant phenyl ring forms a dihedral angle of 81.03(12)° 
with the cyclohexadiene ring, and is inclined so that it is bisected by the 
approximate plane through the fused ring system.  The second independent 
molecule of 1 presents essentially the same features as that just described 
as indeed do the molecular structures of 2-5.  In the case of 1, the r.m.s. fits 
for the two independent molecules for bonds and angles are 0.0046 Å and 
0.494°, respectively [59].  The similarity between the molecules is high-
lighted in the molecular overlay diagram shown in Figure 4. 

Across the series, the maximum distortion of the C6 atoms of the cyclo-
hexa-2,5-diene-1,4-dione residue from their least-squares plane is found for 
5, having a r.m.s. deviation of 0.0261 Å.  While the C3 and C4 exhibit the 
major deviations from this plane in the first independent molecule of 1, for 
the second independent molecule the maximum deviations are found for 
the C4a and C5a atoms; the same is true for 2 and 3.  In each of 4 and 5, 
the maximum deviations are found for the C5 and C10 atoms.  No system-
atic patterns are noted in the deviations of the O1-O3 atoms from the central 
plane with all atoms lying to one side for the first independent molecule of 
1, as found for 5.  In the second independent molecule of 1 and in each of 
3 and 4, the O2 atom lies to the opposite side of the plane to the O1 and O3 
atoms.  In 2, the O3 atom lies to the opposite side to plane to the O1 and 
O2 atoms.  In all of the above, the deviations are less than 0.11 Å and are 
unlikely to have chemical significance.  The maximum dihedral angle 
formed between the individual rings in the fused-ring system is found in 5, 
i.e. 3.56(8)°.  The smallest dihedral angle between the central C6 ring and 
pendant phenyl ring is 59.24(4)° for 3 and the greatest is 86.47(10)° for 2; 
these differences are highlighted in Figure 4.  Finally, in 5, the nitro group 
is almost co-planar with the phenyl ring to which it is bound with the dihe-
dral angle between the planes of 7.54(11)° indicating a small twist. 
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Fig. 3  The molecular structures of (a) 1, first independent molecule, (b) 1, second independent molecule, (c) 2, (d) 3, (e) 4 and (f) 5, showing the atom-labelling schemes and displacement ellipsoids at the 50% 

probability level. 
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Tab. 2:  Summary of key conformational parameters (Å, º) for 1-5. 

Parameter 1 1a 2 3 4 5 

r.m.s. deviation of the at-

oms from the (C1-C5, C10) 

plane (= plane 1) 

0.0126 0.0190 0.0106 0.0204 0.0261 0.0261 

Maximum deviations of 

from plane 1 

C3: 0.016(3) 

C4: -0.021(3) 

 

C4a: 0.015(3) 

C5a: -0.028(3) 

C5: 0.016(3) 

C4: -0.014(3) 

C5: 0.0289(9) 

C4: -0.0256(9) 

C5: 0.0374(8) 

C10: -0.0239(8) 

C10: 0.0365(9) 

C1: -0.0263(9) 

Deviation of the O1, O2 

and O3 atoms from plane 1 

O1: -0.022(5) 

O2:  -0.026(5) 

O3: -0.071(5) 

O1a: 0.015(5) 

O2a: -0.079(5) 

O3a: 0.036(5) 

O1: 0.002(5) 

O2: 0.037(5) 

O3: -0.065(5) 

O1: -0.049(2) 

O2:  0.050(2) 

O3: -0.107(2) 

O1: -0.011(2) 

O2: 0.059(2) 

O3: -0.089(2) 

O1: -0.069(2) 

O2: -0.006(2) 

O3: -0.047(2) 

Dihedral angle: plane 

1/(C5-C10) 

1.98(2) 3.4(2) 1.1(2) 3.36(7) 3.23(6) 3.56(8) 

Dihedral angle: plane 

1/(C11-C16) 

81.03(12) 76.87(11) 86.47(10) 59.24(4) 65.02(3) 70.86(3) 

Dihedral angle (C5-

C10)/(C11-C16) 

80.01(13) 73.81(11) 87.52(10) 56.56(4) 61.89(3) 68.91(4) 
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There are no direct precedents in the crystallographic literature for 1-5 
[62] although the backbone of the structure is found in various cavitands.  
The most closely related structure is one where there are phenoxy substit-
uents adjacent to both ketone-O atoms and with these linked by a –O–
(CH2)2–O–(CH2)2–O– bridge [63], i.e. a crown ether derivative. 
 
 
Fig. 4:  Overlay diagrams of the molecules in 1-5: first independent molecule in 1 
(red image), second independent molecule in 1 (green), 2 blue), 3 (pink), 4 (aqua) 
5 (yellow).  Molecules have been overlapped so the naphthalene-phenyl rings 
are coincident. 
 

Molecular packing 

The geometric parameters characterising the key interatomic interactions 
in the crystals of 1-5 are collated in Table 3.  The molecular packing in 1 
features extensive C‒H…O interactions to consolidate the three-dimen-
sional architecture.  Thus, cyclohexadiene-C‒H…O(ketone), phenoxy-C‒
H…(ketone) and phenoxy-C‒H…O(phenoxy) interactions are present, with 
the ketone-O3a atom accepting two contacts.  In this scheme all interactions 
occur between the independent molecules of the asymmetric unit and no 
role is apparent for the ketone-O1/O1a atoms.  Rather, each of the ketone-
O1 atoms participates in a C=O…π(cyclohexadiene) interaction, again in-
volving molecules derived from the independent molecules.  The latter con-
tacts are approximately parallel with the angle subtended at the carbonyl-
oxygen atom being approximately at right-angles.  The criterion of signifi-
cant, at least in terms of distances, is based on twice the van der Waals radii 
of two π-systems, i.e. 3.80 Å as opposed to 3.42 Å, being the sum of the 
radii of a π-system and an oxygen atom [59].  Within this architecture, each 
of the independent molecules forms a naphthalene-C9‒H…π(cyclohexadi-
ene) contact with the other independent molecule.  Views of the molecular 
packing are shown in Figure 5a, highlighting the C‒H…O interactions, and 
Figure 5b, highlighting the C=O…π(cyclohexadiene) interactions. 

 

Fig. 5:  Molecular packing in 1: views of the unit cell contents in projection down 
the (a) b-axis and (b) a-axis, with C‒H…O and C=O…π interactions are indicated by 
orange and purple dashed lines, respectively. 

In the packing of 2, naphthalene-C8‒H…O3(ketone) contacts assemble 
molecules into a helical supramolecular chain along the b-axis.  Connec-
tions between chains are of the type C=O…π and C‒Br…π.  For the former, 
the ketone-O1 atoms form two interactions, with cyclohexadiene and naph-
thalene-phenyl rings being the acceptors.  In this way, the ketone-O1 atom 
bridges two molecules.  The phenoxy-Br atom also forms an interaction 
with the cyclohexadiene ring so the latter also effectively acts as a bridge 
between two molecules.  While the C‒Br…π(cyclohexadiene) might be con-
sidered long, the analysis of the calculated Hirshfeld surface indicates this 
contact is relatively important in providing stability to the molecular pack-
ing.  The aforementioned interactions assemble molecules in three-dimen-
sions, Figure 6; no specific interaction is evident for the phenoxy-O2 atom 
in the molecular packing. 
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Tab. 3:  Summary of intermolecular A‒H…B and π…π point-to-point contacts (Å, º) in the crystals of 1-5. 

 

A H B H…B A…B A‒H…B Symmetry operation 
1 
C3a H3a O3 2.33 3.188(5) 150 ½+x, -y, ½+z 
C13 H13 O3a 2.53 3.163(6) 124 ½+x, -y, -½+z 
C14 H14 O3a 2.58 3.186(5) 122 ½+x, -y, -½+z 
C16 H16 O2a 2.53 3.443(5) 161 x, y, z 
C16a H16a O2 2.49 3.372(5) 154 x, -1+y, z 
C1 O1 Cg(C1a-C5a, C10a) 3.328(3) 4.139(4) 124.2(3) x, 1+y, z 
C1a O1a Cg(C1-C5, C10) 3.347(3) 4.118(4) 121.4(3) x, y, z 
C9 H9 Cg(C5a-C10a) 2.83 3.513(4) 130 x, 1 + y, z 
C9a H9a Cg(C5-C10) 2.94 3.589(4) 127 x, y, z 
 
2 
C8 H8 O3 2.42 3.327(5) 158 1-x, -½+y, 1½-z 
C1 O1 Cg(C1-C5, C10) 3.255(3) 4.116(4) 127.9(2) ½+x, ½-y, 1-z 
C1 O1 Cg(C5-C10) 3.564(3) 4.198(4) 113.4(2) 1+x, y, z 
C13 Br1 Cg(C1-C5, C10) 3.9500(17) 5.287(5) 125.95(14) 1½-x, 1-y, -½+z 
 
3 
C6 H6 O3 2.50 3.4409(18) 170 1-x, -y, 1-z 
C12 H12 O3 2.36 3.2843(17) 164 x, 1+y, z 
C15 H15 O1 2.58 3.1872(18) 122 1-x, -½+y, 1½-z 
C16 H16 O1 2.53 3.1554(18) 123 1-x, -½+y, 1½-z 
C16 H16 O2 2.58 3.5273(17) 175 1-x, -½+y, 1½-z 
C4 O3 Cg(C1-C5, C10) 3.2346(12) 3.2894(15) 81.67(8) 1-x, 1-y, 1-z 
Cg(C1-C5,C10) ‒ Cg(C11-C16) ‒ 3.6675(8) ‒ 1-x, -½+y, 1½-z 
Cg(C1-C5,C10) ‒ Cg(C1-C5, C10) ‒ 3.8274(8) ‒ 1-x, 1-y, 1-z 
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4 
C3 H3 O3 2.40 3.3161(15) 163 1-x, 1-y, -z 
C1 O1 Cg(C1-C5, C10) 3.2726(10) 4.0797(13) 123.80(8) x, 1½-y, ½+z 
C4 O3 Cg3(C11-C16) 3.1692(11) 4.2799(13) 150.42(8) 1-x, 1-y, -z 
C9 H9 Cg(C5-C10) 2.79 3.4592(13) 128 x, 1½-y, ½+z 
 
5 
C3 H3 O3 2.39 3.3309(17) 169 1-x, -y, 1-z 
C15 H15 O5 2.60 3.5476(17) 176 1½-x, -½+y, ½-z 
C16 H16 O1 2.35 3.2333(17) 154 ½-x, -½+y, ½-z 
C1 O1 Cg(C1-C5, C10) 3.4381(11) 4.3436(14) 131.74(9) ½ - x, - ½ + y,  ½ -z 
C1 O1 Cg(C5-C10) 3.6514(12) 4.1176(13) 103.96(8) x, 1 + y, z 
C4 O3 Cg(C11-C16) 3.2586(11) 4.3936(14) 153.39(9) 1 -x, - y, 1 - z 
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Fig. 6:  Molecular packing in 2: a view of the unit cell contents in projection down 
the a-axis, with C‒H…O, C=O…π and C‒Br…π interactions are indicated by orange, 
purple and blue dashed lines, respectively. 

In the crystal of 3, a number of C‒H…O interactions are evident with 
each of the oxygen atoms participating in at least one such contact.  Thus, 
the ketone-O1 atom accepts two contacts, from two phenoxy-C‒H atoms, 
and similarly the ketone-O3 atom accepts one C‒H…O contact from a phe-
noxy-C‒H and another from a naphthalene-C‒H atom.  The phenyoxy-O2 
atom accepts a C‒H…O contact from a phenoxy-C‒H atom.  As shown in 
Figure 7a, the C‒H…O interactions lead to the formation of supramolecular 
layers in the bc-plane.  Within the layer, π…π interactions between cyclo-
hexadiene and phenoxy rings and between symmetry-related cyclohexadi-
ene rings as well as C=O3…π(cyclohexadiene) contacts are also evident and 
provide additional stability to the aggregation in the bc-plane.  The supra-
molecular layers stack along the a-axis with non-directional interactions 
between them, Figure 7b. 
 

Fig. 7:  Molecular packing in 3: (a) a view of the supramolecular layer in the bc-
plane sustained by C‒H…O interactions and (b) a view of the unit cell contents in 
projection down the b-axis.  The C‒H…O, C=O…π and π…π interactions are indi-
cated by orange, purple and green dashed lines, respectively.  For clarity, only one 
orientation of the statistically disordered –CF3 group is illustrated. 

In the crystal of 4, centrosymmetrically-related molecules associate via 
cyclohexadiene-C‒H…O3 interactions leading to eight-membered 
{…OC2H}2 synthons.  The resulting two-molecule aggregates are con-
nected into supramolecular layers in the bc-plane by C=O…π interactions 
involving both ketone-O atoms, with ketone-O1 interacting with a sym-
metry-related cyclohexadiene ring, in an end-on fashion rather than the par-
allel approach seen for the interactions described thus far, i.e. with the 
C=O…π(cyclohexadiene) interaction approaching linearity, and the ketone-
O3 atom interacting with a phenoxy ring.  In addition, naphthalene-C9‒
H…π(naphthalene) contacts contributes to the stability of the layer, Figure 
8a.  The layers stack along the a-axis without directional interactions be-
tween them, Figure 8b. 
 
 

Fig. 8:  Molecular packing in 4: (a) a view of the supramolecular layer in the bc-
plane sustained by C‒H…O, C=O…π and C‒H…π interactions and (b) a view of the 
unit cell contents in projection down the c-axis.  The C‒H…O, C‒O…π and C‒H…π 
interactions are indicated by orange, purple and blue dashed lines, respectively. 

As for 4, the molecular packing of 5 cyclohexadiene-C‒H…O3(ketone) 
interactions leading to eight-membered {…OC2H}2 synthons between cen-
trosymmetrically-related molecules.  In addition, phenoxy-C16‒H…O1(ke-
tone) and phenyoxy-C15‒H…O5(nitro) interactions are found, each leading 
to supramolecular chains so a three-dimensional architecture ensues.  The 
crystal also features C=O…π interactions with the ketone-O1 atom forming 
two such contacts, one parallel and the other end-on, Table 3, to link two 
molecules via their cyclohexadiene and naphthalene rings.  The ketone-O3 
atom forms a contact with a phenoxy ring.  A view of the unit cell contents 
is shown in Figure 9. 
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Fig. 9:  Molecular packing in 5: a view of the unit cell contents in projection down 
the b-axis, with C‒H…O and C=O…π interactions are indicated by orange and pur-
ple dashed lines, respectively. 

The common feature of the molecular packing in 1-5 is the formation 
of C‒H…O interactions which in the cases of 1 and 5 extend in three-di-
mensions.  In 2, C‒H…O interactions lead to chains, in 3 to layers and in 4 
to dimers.  Each crystal also features C=O…π interactions.  This type of 
interaction is known to be significant in stabilising the molecular packing 
of both heavy-element and organic molecules and have been shown to sus-
tain recognisable aggregation patterns [64-68].  It is noted that while attrac-
tive, such C=O…π interactions contribute relative small energies of stabili-
sation to crystals in which they are formed, i.e. probably < 10 kJ mol-1, 
based on DFT calculations [64-69].  The persistence of these interactions 
in the molecular packing of 1-5 is of interest.  In the present study, parallel 
C=O…π interactions provide structure-directing points of contact in the 
three-dimensional architectures of 1 and 5, and provide supporting roles in 
the remaining crystals.  In 2, a role is found for the phenoxy-substituent in 
that C‒Br…π interactions are found, which, with C=O…π interactions lead 
to a three-dimensional architecture.  In 3, where no specific role in the mo-
lecular packing is evident for the –CF3 group, consistent with its disordered 
status, but π…π and C=O…π interactions lead to a supramolecular layer.  In 
4, C‒H…O and C=O…π interactions lead to a supramolecular layer with no 
specific role for the phenoxy-cyano group.  In 5, one of the nitro-O atoms 
participates in a C‒H…O interaction.  In summary, the study proves the 
prevalence of both C‒H…O and C=O…π interactions in the crystals of 1-5. 

A comparison between molecular and crystal character-
istics for 1-5 

A summary is presented in Table 4 of some of the key physiochemical 
properties for 1-5, which were calculated with PLATON [59] and Crys-
tal Explorer [70].  The data for the individual molecules in 1 are con-
sistent with there being only minor differences between them.  The 
same conclusion is reached for the two components of the disorder in 
the crystal of 3.  As anticipated, there is a systematic increase in volume 
for the molecules as the size of the phenoxy-substituent increases and 
this correlates with small but, discernible deviations from globularity, a 
measure of the globular characteristics of a molecule.  In general, the 
higher the calculated density, the greater the molecular weight but, the 
packing efficiencies follow the trend 2-4 < 1 < 5.  This reflects the role 
upon the molecular packing exerted by the substituents in 2-4 and high-
lights the important role the nitro group plays in the crystal of 5.  Fi-
nally, the greater packing efficiency in 5 correlates with the greatest 
lattice energy across the series. 
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Tab. 4:  Physiochemical properties of the molecules in and for the crystals of 1-5. 

Property 1– first inde-

pendent mol-

ecule 

1– second in-

dependent 

molecule 

2 3 – first dis-

order compo-

nent 

3 – second 

disorder 

component 

4 5 

Molecular        

Volume, V (Å3) 288.22 290.58 318.57 338.63 338.67 317.53 312.85 

Surface area, A (Å2) 276.60 276.49 300.99 315.68 315.65 303.84 299.82 

Globularity, G 0.763 0.767 0.749 0.744 0.744 0.741 0.743 

Crystal        

Density (g cm-1) 1.406 ‒ 1.679 1.532 ‒ 1.411 1.536 

Packing index (%) 71.5 ‒ 70.7 70.2 70.2 70.8 73.6 

Lattice energy (kJ 

mol-1) 

-134.1 ‒ -132.6 -138.1 -138.8 -153.7 -164.8 
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Hirshfeld surface analysis 

The analysis of three-dimensional Hirshfeld surfaces and two-dimen-
sional fingerprint plots provides an easy way of comparing intermolecular 
contacts relative to van der Waals radii through a red-white-blue colour 
scheme [70].  The contacts in red highlight intermolecular interactions with 
distances less than sum of van der Waal radii on the Hirshfeld surface 
mapped over dnorm and the blue colouration represents longer contacts; 
white is used to indicate contacts at the van der Waals separation.  Crystal 
Explorer 17 [70] was used to generate Hirshfeld surfaces for 1-3 mapped 
over the calculated electrostatic potential (Figure 7) and dnorm (Figure 8).  
The electrostatic potentials were calculated using TONTO [71, 72] inte-
grated in Crystal Explorer.  The two-dimensional fingerprint plots are de-
rived from the Hirshfeld surfaces by plotting the fraction of points on the 
surfaces as a function of (di, de), where de and di represent the distances 
from a point on the surface to the nearest atoms outside and inside, respec-
tively.  The points are coloured as a function of the number of surface points 
ranging from blue (relatively few points) through green (moderate) to red 
(highest fraction) [74].  Fingerprint plots can also be delineated into indi-
vidual atom...atom contacts.  In the present study, the analysis of the 
Hirshfeld surfaces calculated for the substituted phenoxy-1,4-napthoqui-
nones, 1-5, was conducted in accord with recent work on organic com-
pounds [72] and provide additional details on the supramolecular associa-
tions operating in the crystals. 

The weak intermolecular interactions instrumental in the crystal of 1, 
comprising two independent molecules, appear as the diminutive/faint-red 
spots on the Hirshfeld surfaces mapped over dnorm in Figures 10a and b for 
each independent molecule, respectively.  Among the C‒H…O interactions 
summarised in Table 3, the phenoxy-C‒H…O(ketone) interactions are 
weaker compared to the naphthalene-C‒H…O(ketone) and phenoxy-C‒
H…O(phenoxy) contacts, based on distance criteria, and this is vindicated 
as the faint-red spots on the surface due to the former while the latter con-
tacts appear as bright-red spots.  The Hirshfeld surfaces also reflect the im-
portance of the C‒H…π contacts.  Thus, the diminutive-red spots near the 
naphthalene-C13 and phenoxy-H12a atoms on the surfaces for the first and 
second independent molecules, respectively, represent more effective C‒
H…π contacts than those resulting from the interacting naphthalene atoms 
of both the molecules given in Table 3, which are evident as the faint-red 
spots near the respective atoms in Figure 10.  The presence of other short 
interatomic contacts listed in Table 5, calculated in Crystal Explorer [70], 
are also apparent as the faint-red spots in Figure 10.  The donors and ac-
ceptors of intermolecular interactions in the crystal are also viewed as the 
blue and red regions, respectively, on the Hirshfeld surfaces mapped over 
the calculated electrostatic potential shown in Figure 11, and serve to high-
light intra- and inter-molecular C‒H…O, C‒H…π and C=O…π contacts for 
the independent molecules comprising 1. 
 

Tab. 5:  Summary of short inter atomic contacts (Å) in the 
crystals of 1-5. 

Contact Distance Symmetry operation 

1 

O1…C1a 3.116(4) x, 1 + y, z 
O1…C2a 3.155(4) x, 1 + y, z 
O1…C3 3.207(5) x, 1 + y, z 
C1…O1a 3.065(5) x, y, z 
C2…O1a 3.059(5) x, y, z 
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C9…O3 3.165(5) x, 1 + y, z 
O3a…H6 2.51 ½ + x, - y, ½ + z 
C3…H12a 2.58 -½ + x,1 - y, - ½ + z 
C9…H9a 2.76 x, y, z 
C9a…H9 2.70 x, -1 + y, z 
C10…H9a 2.66 x, y, z 
C10a…H9 2.73 x, -1 + y, z 
C13…H7 2.69 1 + x, y, z 
H12…H13a 2.13 -½ + x, 1 - y, -½ + z 
 
2 
Br1…O3 3.080(3) ½ - x, 1 - y, -½ + z 
O1…C1 3.087(5) ½ + x, ½ - y, 1 - z 
O1…C2 2.966(4) ½ + x, ½ - y, 1 - z 
O1…C5 3.183(5) 1 + x, y, z 
O3…C2 3.110(4) -1 + x, y, z 
C8…C12 3.277(3) -½ + x, ½ - y, 1 - z 
C8…H16 2.69 2 - x, -½ + y, 3/2 - z 
H9…H12 1.97 ½ + x, ½ - y, 1 - z 
 
3 
F2…F2 2.760(14) 3/2 - x, -5/2 - y, ½ - z 
F3…F3 2.787(11) 1 - x, y, ½ - z 
C3…C5 3.352(2) 1 - x, 1 - y, 1 -z 
C4…C4 3.340(2) 1 - x, 1 - y, 1 - z 
F1…H3 2.62 x, -1 + y, z 
F2…H9 2.62 x, -2 - y, -½ + z 
 
4 
O1…C1 3.0489(14) x, 3/2 - y, ½ + z 
O1…C2 3.1355(14) x, 3/2 - y, ½ + z 
O2…H16 2.53 x, 3/2 - y, ½ + z 
C6…H12 2.67 1 - x, 1 - y, 1 - z 
C9…H9 2.71 x, 3/2 - y, -½ + z 
C10…H9 2.68 x, 3/2 - y, -½ + z 
N1...H8 2.69 1-x, y, -1+z 
N1...H13 2.73 2-x, 1-y, -z 
 
5 
O1…C2 3.1272(10) ½ - x, ½ + y, ½ - z 
O5…H8 2.50 1 + x, y, z 
O5…N1 3.0546(16) 3/2 - x, -½+ y, ½ + z 
O5…C14 3.1153(17) 3/2 - x, -½+ y, ½ + z 
C3…H12 2.67 x, -1 + y, z 
C4…H13 2.85 1 - x, 1 - y, 1 - z 
H3…H12 2.17 x, -1 + y, z 
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Fig. 10:  Different views of the Hirshfeld surface mapped over dnorm in the range -0.125 to +1.535 atomic units (au) for the (a) first independent molecule of 1 and (b) the 
second independent molecule of 1. 

 

 

Fig. 11:  Different views of the Hirshfeld surface mapped over the calculated electrostatic potential in the range -0.068 to +0.039 au for the (a) first independent molecule of 
1 and (b) the second independent molecule of 1, highlighting intra- and inter-molecular C‒H…O, C‒H…π and C=O…π contacts through black, red and yellow dotted lines, 
respectively. 
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In addition to the intermolecular C=O1…π(cyclohexadiene, naphtha-
lene-phenyl) contacts, the crystal of 2 also features significant napthalene-
phenyl-C8‒H…O3(ketone) and phenoxy-C13‒Br1…π(cyclohexadiene) in-
teractions, Table 3, as well as short interatomic Br1…O3 and H9…H12 con-
tacts, Table 5, which are viewed as bright-red spots near the respective at-
oms on the Hirshfeld surfaces mapped over dnorm in Figure 12.  The other 
short interatomic contacts, Table 5, representing weak interactions, are also 
evident as the faint-red spots on the surfaces of Figure 12.  The donors and 
acceptors of intermolecular interactions in the crystal are also represented 
in the Hirshfeld surface mapped over the electrostatic potential in Figure 
13. 
 
 
Fig. 12:  Different views of the Hirshfeld surface for 2 mapped over dnorm 
in the range -0.129 to +1.581 au. 
 
 
Fig. 13: Different views of the Hirshfeld surface mapped over the calcu-
lated electrostatic potential in range -0.063 to +0.047 au for 2 highlighting 
intermolecular C‒Br…π and C=O…π contacts through black and yellow dot-
ted lines, respectively 
 

The bright-red spots near the ketone-O3, napthalene-H6 and phenoxy-
H12 atoms on the Hirshfeld surfaces mapped over dnorm in Figure 14 for 3 
highlight the C‒H…O interactions between these atoms, Table 3.  The weak 
intermolecular C‒H…O interactions involving the phenoxy-C15‒H15, 
C16‒H16 and ketone-O1 atoms appear as the two groups of four faint-red 
spots surrounding the participating atoms.  The characteristic-red spots near 
fluoride atoms of the –CF3 group are indicative of short interatomic F…F 
and F…H/H…F contacts as listed in Table 5 that occur in the interlayer re-
gion.  The sequence of three faint-red spots near the napthalene-C3, C4 and 
C5 atoms arise from short interatomic C…C contacts arising from edge-to-
edge π…π overlap between symmetry related napthalene rings, Table 5.  
The C=O…π and π…π stacking interactions involving cyclohexadiene and 
phenyl rings are highlighted in the views of the Hirshfeld surface mapped 
over the electrostatic potential in Figure 15. 
 
 
Fig. 14:  Different views of the Hirshfeld surface for 3 mapped over dnorm in the 
range -0.123 to +1.506 au. 
 

 

Fig. 15: Different views of the Hirshfeld surface mapped over the calculated elec-
trostatic potential in range -0.066 to +0.052 au for 3 highlighting intermolecular C‒
O…π and π…π contacts through yellow and black dotted lines, respectively. 
 

The bright-red spots near the napthalene-H3 and ketone-O3 atoms on 
the Hirshfeld surface mapped over dnorm for 4 indicate the dominance of 
these intra-layer C‒H…O interactions on the packing, Figure 16.  The pair 
of faint-red spots near the napthalene-C9, C10 and H9 atoms represent 
short interatomic C…H/H…C contacts and reflect the presence of C‒H…π 
interactions involving these atoms, Table 5.  Figure 17, a plot of the 
Hirshfeld surface mapped over the calculated electrostatic potential, illus-
trates the roles of the C‒H…O, C‒H…π and C=O…π contacts in the molecular 
packing of 4.  From Figure 8b it can be discerned that the layer pack along 
the a-axis with the cyanophenyl groups facing each other.  From the data 
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in Table 5, weak H…N contacts serve to connect the layers, and highlighted 
by the red region about the cyano-nitrogen atom in Figure 17. 
 
 
Fig. 16:  Different views of the Hirshfeld surface for 4 mapped over dnorm in the 
range -0.125 to +1.804 au. 
 

Fig. 17: Different views of the Hirshfeld surface mapped over the calculated elec-
trostatic potential in range -0.074 to +0.054 au for 4 highlighting intermolecular C‒
H...O (yellow dotted lines), C‒H…π and C=O…π (black) contacts. 
 

As with 4, the crystal of 5 also features significant phenoxy-C16‒
H16…O1(ketone) interactions and these are viewed as bright-red spots on 
the Hirshfeld surface mapped over dnorm in Figure 18.  The diminutive-red 
spots near the nitro-O5 and phenoxy-H15 atoms arise from the weak con-
tact between these atoms, Table 3.  The effect of other short interatomic 
contacts summarised in Table 4 on the packing of 5 is also evidenced from 
the faint-red spots near the respective atoms.  The Hirshfeld surface 
mapped over the electrostatic potential in Figure 19 illustrates the dominant 
C‒H…O (intra-layer) and C=O…π (inter-layer) interactions. 
 

 

Fig. 18:  Different views of the Hirshfeld surface for 5 mapped over dnorm in the 
range -0.128 to +1.568 au. 
 

 

Fig. 19: Different views of the Hirshfeld surface mapped over the calculated elec-
trostatic potential in range ±0.066 range for 5 highlighting intermolecular C‒Η…O 
and C=O…π contacts through black dashed and yellow dotted lines, respectively. 
 

The distinct intermolecular interactions instrumental in the molecular 
packing of 1-5 are evident from the shape of their overall two-dimensional 
fingerprint plots and in the fingerprint plots delineated [73] into H…H, 
O…H/H…O, C…H/H…C and C…O/O…C contacts, shown in Figures 20a-e, 
and characterise the more significant surface contacts in these crystals; the 
percentage contributions from the different interatomic contacts are sum-
marised in Table 6. 

The short interatomic H…H contacts noted in the crystals of 1 (both in-
dependent molecules) and 2 appear as the short single peaks at de + di ~ 2.2 
Å in the respective delineated plots shown in Figures 20a-c. The presence 
of similar contacts in the crystal of 5 is reflected as the pair of small peaks 
at de + di ~ 2.0 Å in the plot, Figure 20f. 

In the fingerprint plots delineated into O…H/H…O contacts for the two 
independent molecules of 1, Figure 20a and b, the prominent napthalene-
C3a‒H…O3(ketone) interactions, i.e. occurring between the independent 
molecules, are represented as a pair of narrow spikes with the tips at de + di 
~ 2.3 Å in the acceptor and donor regions for the first and second independ-
ent molecules, respectively.  Similarly, the two pairs of short and overlap-
ping peaks with tips at de + di ~ 2.4 Å in the donor and acceptor regions of 
the independent molecules indicate the phenoxy-C16‒H…O2(phenoxy) in-
teractions, whereas the points corresponding to the other specified but, 
weaker C‒H…O contacts are merged within the plot.  The fingerprint plots 
delineated into O…H/H…O contacts for the crystals of 2-5, Figures 20c-f, 
show a pair of more or less similar spikes with their tips at de + di ~ 2.3 Å 
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indicating the most dominant intermolecular C‒H…O3(ketone) interactions 
while the merged points are ascribed to other, less prominent intermolecu-
lar C‒H…O contacts. 

The fingerprint plots delineated into C…H/H…C contacts for the two in-
dependent molecules of 1 in Figures 20a and b also exhibit distinctive fea-
tures.  The forceps-like tip at de + di ~ 2.6 Å in the acceptor region of the 
plot for the first molecule indicates a short interatomic H…C contact involv-
ing the naphthalene-C3 and phenoxy-H2 atoms, Table 5.  In each plot, the 
pair of forceps-like peaks at de + di ~ 2.7 Å, where for the first independent 
molecule the tip in the acceptor region is merged with the peak mentioned 
above, together with the characteristic wings in the plots are indicative of 
C‒H…π interactions.  In addition, the pair of forceps-like peaks at de + di ~ 
2.7 Å evident in the plot for first molecule also indicates the presence of 
short interatomic C…H/H…C contacts between phenoxy-C13 and naptha-
lene-H7, Table 5.  The short interatomic C…H/H…C contacts in the crystals 
of 2 and 5, as summarised in Table 5, are also viewed as a pair of forceps-
like tips at de + di ~ 2.7 Å and ~ 2.8 Å in their respective delineated plots 
of Figure 20c and f.  The intermolecular C‒H…π contact involving naph-
thalene residues in 4 are viewed as the pair of broad tips characterising 
short interatomic C…H/H…C contacts, Table 4.  In the two-dimensional fin-
gerprint plots for the crystal of 4, it is interesting to note that some of the 
carbon and hydrogen atoms are at interatomic separations greater than de + 
di ~ 5.6 Å, which result in reduced percentage contributions from these 
contacts than might be expected, in agreement with the values in Table 5. 

The intermolecular C=O…π contacts, Table 3, along with short intera-
tomic C…O/O…C contacts, Table 5, are characterised from the different 
percentage contributions to their Hirshfeld surfaces, Table 6, and the dif-
ferent shape in their fingerprint plots delineated into C…O/O…C contacts, 
Figures 20a-f. 
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Fig. 20:  The overall two-dimensional fingerprint plot and those delineated into H…H, O…H/H…O, C…H/H…C and C…O/O…C contacts for (a) 1, first independent molecule, (b) 1, second inde-
pendent molecule, (c) 2, (d) 3, (e) 4 and (f) 5. 

 
 

Fig. 21:  Fingerprint plots delineated into (a) Br…O/O…Br and (b) Br…C/C…Br contacts for 2, (c) F…F, (d) F…H/H…F and (e) C…C contacts for 3, (f) N…O/O…N contacts for 5. 

  



Author Title File Name Date Page 
Marlon D. L. Tonin,I Simon J. 
Garden,*,I Mukesh M. Jotani,II 
James L. WardellIII and 
Edward R. T. Tiekink*,IV 

Substituted (phenoxy)-1,4-naphthoquinones 
 

naptho.docx 28.02.2019 22 (26) 

 
 
 

Tab. 6:  Percentage contributions from the different intermolecular contacts to the Hirshfeld surfaces of 1-5.a 

Contact 1 – first in-
dependent 
molecule 

1 – second 
independent 

molecule 
2 3 4 5 

 Y = H Y = H Y = Br Y = CF3 Y = CN Y = NO2 

H…H 35.3 34.1 32.5 17.7 18.3 21.5 

O…H/H…O 20.7 21.3 9.3 20.8 17.1 31.5 

C…H/H…C 31.9 32.6 20.7 13.6 34.3 21.9 

C…C 1.6 1.6 1.5 9.5 1.4 2.3 

C…O/O…C 9.3 9.0 13.1 5.1 10.6 15.3 

O…O 1.2 1.4 2.9 0.3 1.3 4.6 

Y…Y - - 0.0 2.5 0.5 0.0 

Y…H/H…Y - - 11.0 26.1 15.1 1.9 

Y…C/C…Y - - 5.7 2.3 1.1 0.0 

Y…O/O…Y - - 3.4 2.2 0.0 1.1 
a The listed values are the average determined for each of the disorder components of the CF3 group. 
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In addition to above intermolecular interactions in the crystals of 1-5, 
additional contacts are evident in the crystals directly related to the nature 
of phenoxy-bound substituent. Thus, in the crystal of 2, the bromide sub-
stituent exerts a significant influence upon the molecular packing, includ-
ing the formation of short interatomic Br…O contacts, Table 5, and C‒Br…π 
contacts, Table 3.  These are evident as a pair of thin spikes at de + di ~ 3.0 
Å and a pair of saw-tooth tips at de + di ~ 3.9 Å from the fingerprint plots 
delineated into Br…O/O…Br and Br…C/C…Br contacts, shown, respec-
tively, in Figures 21a and b. 

In the same way, the presence of short interatomic F…F and F…H/H…F 
contacts, Table 5, in the molecular packing of 3 are evident from their re-
spective delineated fingerprint plots, Figure 21c and d, where they appear 
as a thin spike with the tip at de + di ~ 2.8 Å and as a pair of spikes at de + 
di ~ 2.6 Å, respectively. The significant contribution of 9.5 % from C…C 
contacts to the Hirshfeld surfaces of 3, Table 5, and an arrow-shaped dis-
tribution of points in the fingerprint plot corresponding to these contacts in 
Figure 20e result from π…π stacking interactions, Table 3.  The percentage 
contribution arising from different interatomic contacts from the second 
disorder component of the disordered –CF3 group to the Hirshfeld surfaces 
of 3 show minor differences as summarised in Table 5 and makes no con-
tribution to the short interatomic F…F and F…H/H…F contacts.  The small 
contribution of 1.1 % from N…O/O…N contacts to the Hirshfeld surface of 
5 indicates the presence of short interatomic N…O contacts between nitro-
N1 and O5 atoms, Table 5, which is viewed as a pair of conical shaped tips 
at de + di ~ 3.0 Å in Figure 21f. 

The contributions from other interatomic contacts summarised in Table 
6 have negligible influence on the molecular packing of 1-5. 
 
Conclusions 
X-ray crystallography on the title substituted (phenoxy)-1,4-naphthoqui-
nones, 1 (H), 2 (3-Br), 3 (3-CF3), 4 (4-CN) and 5 (4-NO2), adopt very sim-
ilar molecular structures with the main differences related to the orienta-
tions of the pendant phenoxy residues to the planar, 10-membered fused 
ring systems.  In the molecular packing, C‒H…O interactions is prevalent 
and lead to three-dimensional architectures for 1 and 5.  In addition, each 
crystal also features C=O…π interactions.  In bromo-substituted 2, these 
along C‒Br…π interactions stabilise a three-dimensional architecture.  
Two-dimensional layers are noted in 3 and 4.  The molecular packing was 
also explored by a Hirshfeld surface analysis which showed notable influ-
ences exerted by the substituents in 2-5.  Notably, connections between the 
layer motifs in 3 were ascribed to weak H…F and F…F contacts, while the 
inter-layer in the crystal was stabilised by weak H…N interactions.  Reflect-
ing the presence of three potential oxygen acceptors and in the absence of 
conventional hydrogen atom donors, the common points of contact be-
tween molecules in the crystals of 1-5 are of the type C‒H…O and C=O…π.  
The two substantive conclusions of the study relate i) to the clear influence 
of the remote substituents on the molecular packing and ii) the prevalence 
of C=O…π interactions contacts despite their inherently weak nature. 
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